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Optical absorption spectra of palladium doped gold cluster cations
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Photoabsorption spectra of gas phase Aun+ and Aun−1Pd+ (13 ≤ n ≤ 20) clusters were measured
using mass spectrometric recording of wavelength dependent Xe messenger atom photodetachment
in the 1.9–3.4 eV photon energy range. Pure cationic gold clusters consisting of 15, 17, and 20 atoms
have a higher integrated optical absorption cross section than the neighboring sizes. It is shown that
the total optical absorption cross section increases with size and that palladium doping strongly
reduces this cross section for all investigated sizes and in particular for n = 14–17 and 20. The
largest reduction of optical absorption upon Pd doping is observed for n = 15. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4906072]
I. INTRODUCTION
It was recently shown that gold nanoparticles and atomic
clusters have a high potential for applications in heterogeneous
photocatalysis.1–5 Both optical properties and chemical reac-
tivity play a crucial role in the design of novel environmental
friendly applications, such as photocatalytic hydrogen genera-
tion1,2 and CO oxidation.3 Other promising optical applications
ofgoldnanoparticlesandatomicclustersareopticalantennas,6,7
bio- and chemosensors,8,9 extremely sensitive measurements
using surface enhanced Raman scattering,10 high efficiency
solar cells,11,12,6 photodiodes,7 and light emitting diodes.13 But
the controlled modification of the optical absorption of gold
nanoparticles and atomic clusters remains a challenge.
Large gold nanoparticles (>5 nm) show a broad plasmonic
absorption band, whose position and shape do not drastically
change by addition of a few atoms. Plasmonic particles have
been extensively studied during the last decades and many of
their properties are well established.14 Opposed to these larger
particles, the optical absorption of small atomic clusters is
extremely sensitive to the number and type of atoms in the clus-
ter and is related to their size dependent electronic and geomet-
ric structure.15 The characterization of the optical absorption of
pure and doped atomic gold clusters in the gas phase is difficult
and only a small number of studies were undertaken so far.16–20
Due to a low number density of clusters in the gas phase, it is
challenging to measure their optical absorption directly21 and
action spectroscopy, monitoring light-induced changes in the
clusters themselves, is usually used. A combination of wave-
length dependent messenger atom photodetachment and mass
spectrometry was used by Collings et al. to study small neutral
and cationic Aun clusters (n = 7, 9, 11, and 13).16 Optical
absorption spectra were also recorded for other selected pure
and doped gold clusters in different charge states: Aun+ (n= 4,
7–9),17,18 Aun− (n = 7–11),15 Au4−mCum+ (m = 0, 1, 2),19 and
Au4+.20 In addition, experimental studies have been performed
a)Author to whom correspondence should be addressed. Electronic mail:
ewald.janssens@fys.kuleuven.be.
on small Au clusters embedded in a rare gas matrix.22 The
optical excitation spectra of larger gold clusters, in particular
Aun±,0 (n= 13–20), so far are not studied experimentally.
While size dependent optical properties of small gold
clusters are not yet well studied, many experimental and theo-
retical efforts have been undertaken to characterize their geo-
metric and ground state electronic properties. In particular, the
electronic ground state of selected gold clusters was studied
by photoelectron spectroscopy23,24 and geometric structures
were determined by the analysis of vibrational spectra that are
recorded using infrared radiation from a free electron laser24
and by electron diffraction measurements of trapped ions.25,26
The heavy gold atom is subject to large relativistic ef-
fects,27 causing a decrease of the effective Bohr radius of its
valence 6s electron. As a consequence, the valence sp band of
Au is situated much closer to the valence d band as compared
to Ag or Cu. In particular, strong hybridization of the 5d
and 6s orbitals in gold favors unusually large planar clusters
(n ≤ 12 for anions26 and n < 7 for cations28) and interesting
3D structures, such as cage-like structures that are capable to
accommodate a guest atom for Aun− (n = 16–18)25,26,29 and
stable tetrahedral Au20±,0 structures.24,30,31
Doping of gold clusters allows to modify their optical
and chemical properties.32–35 Adding a single atom or a sin-
gle electron can dramatically change the cluster’s geometric
and electronic structure. Indeed, photofragmentation studies
probing the size-dependent stability of Au clusters doped with
a single (transition) metal atom revealed significant dopant-
induced changes of the cluster electronic structure.36–39 The
altered electronic and geometric structure also modifies the
cluster’s stability and chemical reactivity.4,34,40
Both optical absorption and chemical properties are impor-
tant for purposes of photocatalysis. Since both depend on
the geometric and electronic structure, changes in the opti-
cal absorption and the chemical properties are correlated. A
study of the size and composition dependence of the optical
properties thus can provide relevant information to tune the
reactivity of clusters. The effect of alloying on the optical prop-
erties was studied theoretically for AgAu nanoclusters41,42 and
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experimentally for AuPd nanocrystals.43–45 Palladium doping
may change the chemical properties of gold particles, related
to a dopant induced observed shift of the electronic energy
levels. Pd doping of gold clusters can also trigger the formation
of endohedral caged structures as was recently shown for
Au24Pd.46 It is remarkable that Ag and Pd dopings induce
opposite effects on the optical43,47 and chemical48–50 properties
of the clusters. On one hand, it was theoretically predicted that a
Pd dopant induced change of the electronic structure enhances
the chemical reactivity of gold clusters towards CO and O2 in
AunPd (n ≤ 7).51 On the other hand, a decreased CO adsorption
probability was found experimentally in Ag doped gold clus-
ters, AunAg with n ≤ 45.52 The interaction between Au and Pd
modifies the s-d and d-d bonding in the clusters, in particular
via Au(6s)-Pd(4d) and Au(5d)-Pd(4d) hybridization.53 The
dopant induced charge redistribution unavoidably influences
the optical and chemical properties of the gold clusters.46
In the present work, we use action spectroscopy with ad-
sorbed Xe messenger atoms to investigate the electronic exci-
tation spectra of cationic pure gold clusters and gold clusters
doped with one palladium atom for sizes ranging from 13 to 20
atoms. The optical absorption spectra are measured in the gas
phase by photodissociation of the corresponding cluster–Xe
complexes in the photon energy range of 1.9–3.4 eV.
II. EXPERIMENTAL METHODS
Aun+ and Aun−1Pd+ clusters are produced simultaneously
in a dual-target dual-laser vaporization source.54 The amount
of ablated material is controlled by two independent pulsed
Nd:YAG lasers operating in the second harmonic (532 nm,
10 Hz) with pulse energies of about 22 mJ and 25 mJ for the
Au (ACI Alloy, 99.98% purity) and Pd (ACI Alloy, 99.95%
purity) targets, respectively. He gas is introduced by a pulsed
supersonic valve just before laser ablation, cools the metal
vapor, and initializes the clustering process. The clusters are
thermalized by heat exchange via the carrier gas with walls of
the source, which is cooled by a continuous flow of liquid ni-
trogen. A temperature controller allows stabilizing any source
temperature in the 80–320 K range. By addition of a small frac-
tion of Xe (5%) to the He carrier gas, cluster–Xe complexes
are formed. The central part of the cluster beam is selected
by a conical skimmer and enters the extraction region where
cationic clusters are accelerated into a reflectron time-of-flight
mass spectrometer.
To perform the photodissociation experiments, the cluster–
Xe complexes are excited by tunable laser light from a Quanta-
Ray Nd:YAG pumped BBO-based optical parametric oscillator
(OPO). The OPO (MOPO-710) is equipped with a frequency
doubling option and is operated at 10 Hz with a pulse length of
8 ns and a bandwidth of 4–20 cm−1. The laser beam diameter
(1 cm) was optimized to have a maximal spatial overlap with
the molecular cluster beam. The energy per pulse used for
photodetachment is monitored by a pyroelectric energy sensor
(ThorLabs, ES111C) and maintained below 6 mJ to avoid
two-photon processes.15 The laser beam is chopped by a home-
build chopper that is synchronized with the OPO and operating
at 5 Hz. This allows to alternately record mass spectra with
and without photoexcitation of the clusters, each of which is
averaged over 5000 cycles in different channels of the oscil-
loscope (Tektronix TDS5052). The reference spectra without
photoexcitation are used to normalize for cluster production
fluctuations. In the one-photon absorption regime, the absorp-
tion of a single photon leads to photodetachment of the Xe
messenger atom. The photodepletion, I/I0, with I and I0 the
abundance of a specific cluster with and without photoexcita-
tion, respectively, is measured as function of the photon energy.
I/I0 can be converted into the absorption cross section σ using
the modified Lambert-Beer-Law,15
I
I0
= 1−b+b exp(−σΦ), (1)
where Φ is the photon fluence. The overlap factor b takes into
account the imperfect spatial and temporal overlap between
the dissociation laser and the extracted clusters. In the present
experiment, the overlap factor is estimated to be 0.85.
To avoid overlap of peaks in the mass range of interest,
the source conditions were optimized such that the amount
of Pd doping in the clusters and the number of adsorbed
Xe atoms are fairly small. For instance, lowering the source
temperature stimulates formation of complexes with multiple
Xe atoms, Aun+·Xem and Aun−1Pd+·Xem with m > 2, resulting
in overlapping peaks in the mass spectra. In addition, laser
powers and the time sequence of the cluster production were
optimized to avoid the production of AunPdk+ with k > 2.
III. RESULTS AND DISCUSSION
A. Cluster-rare gas complex formation
Rare gases are expected to form van der Waals complexes
with metal clusters. For gold clusters, the cluster–rare gas
binding energy was found to be about 0.20-0.25 eV for Ar19
and is expected to be somewhat larger for Xe. While Aun+·Arm
clusters can be easily obtained for very small clusters (n < 14),
the production of larger cluster–Ar complexes becomes prob-
lematic. Since heavier rare gas atoms are more polarizable,
they form stronger bonds with metal clusters. Therefore, Xe
was used as messenger atom for probing the optical absorption
of the species discussed here.
Under the experimental conditions described above and
at a source temperature of 260 K, Aun+ and Aun−1Pd+ clusters
and their Xe complexes, Aun+·Xem and Aun−1Pd+·Xem, are
readily formed for n ≤ 19 and n ≤ 20, respectively.
The likelihood of rare gas attachment on clusters can
provide structural information. In particular, size-dependent
changes of the clusters’ ability to form van der Waals com-
plexes have been related to 2D → 3D structural transitions.15
They are associated with a drop in the cluster polarizability
due to a decrease of the volume per atom in more compact
structures.55 Other geometrical factors responsible for changes
in the formation of rare gas complexes were attributed to the
presence of planar faces56 and endohedral doping.57
Previous studies of Aun+ and Aun−1Cu+ at T < 203 K
showed a drop in the likelihood of Ar attachment after n = 7
together with local enhancements at n = 10, 11, and 15.19 In
the present study, the same trend for Ar attachment to Aun+
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was observed (see Fig. S1 in the supplementary material).58
The likelihood of rare gas attachment can be quantized by Fn,
Fn =
2
m=1
Inm
 2
m=0
Inm, (2)
where Inm is the abundance of Aun+·Xem for the pure gold
and of Aun−1Pd+·Xem for the palladium doped gold clusters.
Fn, deduced by averaging ten mass spectra measured under the
same conditions, is presented in Fig. 1. The error bars reflect
the standard deviation on the mean.
The Aun+ and Aun−1Pd+ clusters readily attach Xe for
n ≤ 19 and n ≤ 20, respectively, and Fn decreases strongly
for larger sizes. We speculate that the drop of Fn for Aun+ at
n > 19 is associated with the drop of the static polarizability per
atom caused by evolution of the clusters to more compact 3D
structures, similar to the polarizability drop that is observed for
the 2D-3D transition at smaller sizes.55 Indeed, computations
predict that neutral, cationic, and anionic Au20 clusters all have
a compact tetrahedral symmetry with only slightly changed
interatomic distances.31,59
Size dependent alterations in Fn might be associated with
face planarity of clusters’ 3D structures.56 The interaction
potential of the rare gas atom with 3D structures and with the
flat surfaces drops as∼R−6 and∼R−3, respectively. For instance,
a significantly higher Xe and Ar attachment ability of anionic
Au20−withrespect toneighboringsizeswasobservedearlier15,56
and was attributed to the higher planarity of its faces.56 The
slightly Jahn–Teller distorted D2d tetrahedral structure of the
anionic Au20− and the co-existence of distorted icosahedral and
tetrahedral structural motifs for Au20+ were proposed based on
trapped ion electron diffraction experiments.59 Opposed to the
anionic Au20−, the cationic Au20+does not show a local increase
in the likelihood of Xe attachment. A lower polarizability of
the Au20+ cation is in line with the idea of co-existence of two
isomers, with the icosahedral one having a lower face planarity
than the ground state tetrahedral isomer.
Pd doping can modify the geometry of the Au20+ cluster
and, that way, also the polarizability, which is reflected by
Fn. The Pd dopant induced shift of the largest size for which
FIG. 1. Fraction of rare gas complexes, Fn, characterizing the size-dependent
changes in Xe complex formation efficiency of Aun+ and Aun−1Pd+ (13 ≤ n
≤ 22). The data were obtained using a He–Xe (5%), p = 8 bars, T = 263 K
carrier gas mixture.
there is a significant amount of Xe attachment (from Au19+ to
Au19Pd+) points to an increase of the static polarizability of
Au20+ upon replacement of a single Au atom by a Pd atom.
B. Optical absorption spectra of Aun+·Xe
Photodepletion spectra of Aun+·Xe (n = 13–20) com-
plexes are measured in the 1.9–3.4 eV range. The applied laser
fluence was maintained at 2–8 mJ/cm2 to obtain a significant
depletion but low enough so that multiphoton cluster frag-
mentation or photo-ionization is avoided. Following single
photon absorption, one or more Xe atoms can be detached from
the cluster–Xe complexes, basically allowing for two reaction
pathways
Au+n·Xem→ Au+n+mXe, (3)
Au+n·Xem→ Au+n·Xem−1+Xe. (4)
The cluster–Xe bond strength is expected to be at max-
imum 0.5 eV.15,19,24 In the investigated photon energy range,
the energy of a single photon is thus high enough to break
the m Xe–cluster bonds (m = 1 or 2), favoring reaction (3).
This assumption is supported by the observation that the
depletion spectra obtained for Aun+·Xe and Aun+·Xe2 show
absorption bands of comparable intensities and at similar
energies, though slightly blue shifted for Aun+·Xe2 (see Fig.
S2 of the supplementary material).58 Systematic blue shifts of
the bands of multiple rare gas tagged clusters, in comparison
to bands of pure and singly rare gas tagged species, have
been observed earlier for small argon tagged cationic gold
clusters.17,18 Should reaction (4) be preferred, the depletion
of Aun+·Xe2 would be reflected by an increase of the Aun+·Xe
signal upon photoexcitation, which was not observed. How-
ever, the occurrence of reaction (4) cannot be fully excluded,
since the above argument only holds if the Aun+·Xe and
Aun+·Xe2 complexes have absorption bands at different ener-
gies. In case reaction (4) takes place, the measured absorption
cross sections of Aun+·Xe are systematically underestimated
(the observed depletion is less because of fragmentation of
Aun+·Xe2 into Aun+·Xe). The slightly lower cross sections ob-
tained for Aun+·Xe as compared to Aun+·Xe2 (Fig. S2) indicate
that reaction (4) may occur in addition to (3). Given the overall
similarity of both spectra and given the higher signal-to-noise
ratio for the single Xe-tagged species, we concentrate below on
the depletion spectra of Aun+·Xe with the remark that the cross
sections may be slightly underestimated if there is a sizeable
fraction of Aun+·Xe2 complexes in the molecular beam.
The wavelength dependent absorption cross sections of
Aun+ (n = 13–20) are obtained using Eq. (1) and presented in
the left column of Fig. 2. To allow quantifying the size evolution
and the influence of the dopant atom, the absorption spectra
were approximated by a sum of N Gaussians, representing N
optical excitations (or groups of excitations that are close in
energy)
σ(~ω)=
N
i=1
f i·GEi,FWHMi (~ω), (5)
whereGEi,FWHMi (~ω) are normalized Gaussian functions with
mean Ei, full width half maximum FWHMi, and oscillator
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FIG. 2. Optical absorption spectra of
bare and palladium doped gold cluster
cations, Aun+ and Aun−1Pd+ (13 ≤ n
≤ 20). The experimental data points are
shown by red crosses. Solid curves rep-
resents fits of averages (over 5 adjacent
points) of the experimental data by mul-
tiple Gaussian functions using Eq. (5).
strength f i of the respective optical excitation. All the Gauss-
ians were imposed to have a FWHM larger than 0.04 eV (at
least five data points). The σ(~ω) curve was fit to the experi-
mental data after performing a five adjacent data points averag-
ing. The number of Gaussians used for the fitting procedure is
the smallest number N that yielded a fair fit of the absorption
spectra. Evidently, there is some arbitrariness in the analysis
procedure. Therefore, we also have evaluated integrated areas
under the absorption spectra. The size and dopant dependence
of the absorption spectra of Aun+ was quantified by dividing
the investigated energy range (1.9–3.38 eV) into five intervals.
Integrated areas under the fitted absorption curves were calcu-
lated in these intervals and are shown in Fig. 3(a). The size
evolution of the total absorption in the energy range 1.9–3.38
eV is shown in Fig. 3(c).
The pure Aun+ clusters show broad overlapping absorp-
tion bands in the 2.55–3.38 eV part of the spectrum, while the
absorption intensity in the 1.9-2.55 eV range is lower showing
only a few weak bands. The considered clusters may have
several energetically close lying isomers.26 Thus, the broad
bands in the absorption spectra could stem from a single isomer
with many transitions at close-lying energies and/or could orig-
inate from different isomers in the cluster beam. Idrobo et al.60
theoretically predicted many optical transitions for neutral Aun
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FIG. 3. Integrated absorption cross sections for Aun+ (a) and Aun−1Pd+
(13 ≤ n ≤ 20) (b) clusters for five intervals of the investigated 1.9–3.4 eV
photon energy range and total integrated absorption cross section in the
1.9–3.4 eV range (c). Solid and hatched bars in (c) represent pure Aun+ and
doped Aun−1Pd+ clusters, respectively.
(n= 13, 14, and 20) in the higher energy part of the absorption
spectra and few in the lower energy part. Despite the possible
presence of isomers in the experiment and the different charge
state, the experimental results for Au13+ and Au20+ are in qual-
itative agreement with these theoretical predictions60 for the
calculated ground states of Au13 and Au20 (see supplementary
material).58 The major features of the absorption spectra are
described below for each cluster size.
Au13+ does not show any measurable optical absorption
transitions in the investigated energy region below 2.55 eV.
A fit of the experimental curve by a sum of Gaussians gives
optical absorption bands at about 2.75, 2.86, 3.09, and 3.4 eV.
The spectrum of Au14+ shows one smooth and broad band
with local maxima around 2.73, 2.85, 3.13, and 3.4 eV. The
latter value has some arbitrariness in assignment since this is
the maximum of the measurement range. In addition, a low
intensity broad band centered at 2.24 eV appears in the low
energy region. Au15+ reveals the second highest absorption
cross section among the investigated sizes in the energy range
of 3.08–3.38 eV and an extended band of absorption increasing
from 2.6 to 3.0 eV. In addition, Au15+ has two absorption bands
between 2.20 eV and 2.55 eV. The experimental absorption
spectrum of Au16+ has a broad band with maxima at 2.76, 3.07,
and 3.35 eV and a low intensity band between 2.3 and 2.5 eV.
Au17+ has broad absorption features near 2.76, 3.0, and 3.4 eV.
The band at 3.0 eV, that is also seen for other sizes, is much
more pronounced for this size. The optical absorption spectrum
of Au17+ also shows low intensity transitions in the low energy
region with one broad band centered at 2.27 eV.
The optical absorption spectra of Aun+ (n= 18−20) show
a lot of similarities. Several intense absorption bands are
observed between 2.6 and 3.38 eV. Bands near 2.8 and 3.4
eV are observed for all three sizes, be it with slightly shifted
positions. Au19+ and Au20+ in addition have a band at 3.0 eV,
which is absent for Au18+. For Au19+, the absorption cross
section increases monotonically from 1.9 to 2.6 eV, while a
band near 2.45 eV with low intensity can be detected for both
Au18+ and Au20+. The integrated absorption cross section of
Au20+ in the 2.94–3.38 eV range is significantly enhanced
compared to all other sizes studied in the present work.
Only a few experimental16 and theoretical60 studies on
gold clusters in the size range of 13–20 atoms are available in
the literature. Our experimental results are in qualitative agree-
ment with action spectroscopy measurements by Collings et al.
for Au130,+ clusters16 and with calculated optical excitation
spectrum for Au13.60 A theoretical analysis of the optical exci-
tations of neutral Au20 showed transitions in the energy range
below 3 eV that were claimed to correspond to excitations
of face-centered and edge atoms of the tetrahedral structure,
while the excitations in the 3–4 eV range mainly originate from
vertex atoms.60 The tetrahedral geometry has been confirmed
experimentally for Au20 and also Au19 was shown to have a
tetrahedral geometry but with one missing vertex atom.24 If the
absorption bands around 3–4 eV indeed originate from elec-
tronic excitations of vertex atoms, the growth of the oscillator
strength in the n = 18–20 size range can be explained by a
tetrahedral geometry for those three sizes with one and two
missing vertex atoms in Au19+ and Au18+, respectively.
The size evolution of the optical absorption in different
energy ranges between 1.9 and 3.38 eV is readily quantified
using the histograms presented in Fig. 3(a). The integrated
optical absorption over the entire studied photon energy range
is plotted in Fig. 3(c). An overall increase of the integrated
absorption cross section is observed with increasing cluster
size (Figs. 2 and 3(c)), with the largest value found for Au20+.
The increase of the integrated absorption cross section with
size is non-monotonic, clusters consisting of 15, 17, 19, and
20 atoms demonstrate enhanced cross sections compared to
neighboring sizes. Their total absorption cross sections are,
respectively, 2.7, 2.4, 2.3, and 3.5 times higher than the one
of Au13+. The overall increase of the cross section with size
might be related to an increase of the static polarizability with
the number of atoms as was found theoretically for neutral Aun
(n = 2–13, 20) clusters.60 In addition, even-odd oscillations
in polarizabilities with cluster size, that were attributed to
electron sub-shell closing,60 likely explain the local maxima
in the absorption cross section for Aun+ with n = 15, 17, and
19. Finally, the enhanced absorption cross section for Au20+ is
likely related to its tetrahedral symmetry.
C. Influence of Pd doping on absorption spectra
of the cationic gold clusters
Photodepletion spectra of palladium doped Aun−1Pd+·Xe
(n = 13–20) complexes are measured and analysed using the
same approach as for the pure gold clusters. Their wavelength
dependent absorption cross sections are shown in the right
column of Fig. 2 and the integrated absorption cross sections
for five equivalent spectral ranges in Fig. 3(b). Similar to pure
cationic gold clusters, the integrated absorption cross section in
the visible range grows with increasing cluster size (Fig. 3(c)).
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More strikingly, for all studied sizes, the total absorption cross
section is significantly reduced upon substitution of a single Au
atom by a single Pd atom. Comparing the effect of Pd doping
in the different spectral ranges (Figs. 3(a) versus 3(b)), one
can notice that besides a large decrease of the absorption cross
section in the high energy spectral ranges, some sizes show
an increase of the absorption cross section in the low energy
part of the spectrum. These effects are described in more detail
below.
Au12Pd+: The main effect of substituting one Au atom by
Pd on the optical absorption spectrum of Au13+ is a decrease
of the intense band near 3.09 eV. The absorption band around
2.75 eV apparently shifts by 0.07 eV to the red and the absorp-
tion near 2.85 eV becomes narrower. Au12Pd+ also has some
weak transitions in the low energy region (<2.5 eV), where
there is hardly any absorption for Au13+. The appearance of
low energy transitions in the absorption spectra of Pd doped
clusters may point to a lower HOMO-LUMO gap that can be
bridged by lower energy photons. Most likely, the empty Pd 4d
and particularly, the low-energy Pd 5s orbitals are involved in
these low energy excitations.
In the low energy range (1.9–2.79 eV), the absorption
cross section of Au13Pd+ does not significantly change in
comparison with Au14+. In the higher energy part of the spec-
trum (2.79–3.38 eV), there are however significant changes.
The integrated absorption cross section of the broad optical
absorption band of Au14+ with local maxima at 3.13 and 3.4 eV
is reduced by 47% upon Pd doping (Fig. 3(b)). The absorption
in the entire measured range is reduced by 37% (Fig. 3(c)).
The largest reduction of optical absorption cross sec-
tion among the considered species is observed for Au14Pd+,
Au15Pd+, andAu16Pd+. With respect to bare gold clusters with
the same number of atoms, the total area under the absorption
curve in the 1.9–3.38 eV range is reduced by 91%, 48%, and
50%, respectively (Fig. 3(c)). The observed drastic changes
of optical absorption spectra may be related to important
dopant induced structural changes such as the formation of
endohedral caged structures in which the Pd atoms are highly
coordinated by surrounding gold atoms. The possibility for
such Pd dopant induced formation of an endohedral caged
structure was recently demonstrated for Au24Pd.46 Endohedral
doping may possibly also take place in smaller clusters because
Au16− is a hollow spherical cage, large enough to accommodate
a dopant atom.61,62 As a result of endohedral doping, the
number of Au–Pd bonds, and thus the influence of the Pd
dopant on the electronic structure of the cluster, is maximized.
In case of Au14Pd+, doping induces a systematic decrease
of the absorption spectrum, both in the lower and the higher
energy range. Because of the low intensity of the remaining
bands, their precise characterization is limited. The absorption
spectrum ofAu15Pd+ in the higher energy range (2.5–3.38 eV)
shows, with respect to Au16+, a strong reduction of the three
main broad bands at 2.76, 3.07, and 3.4 eV without consid-
erable shift of their position. However, the total absorption
cross section of the weaker absorption bands of Au15Pd+ in
the lower energy range (2.2–2.5 eV) is increased by 150% with
respect to that of Au16+ (Figs. 3(a) and 3(b)). The appearance
of absorption transitions for Au15Pd+ in the low energy range
may, as for Au12Pd+, be related to the dopant induced presence
of low energetic unoccupied states.Au16Pd+ shows four broad
absorption bands with maxima at 2.48, 2.8, 3.12, and 3.4 eV,
which are blue shifted with respect to features in the absorption
spectrum of Au17+. The integrated absorption cross section
of Au16Pd+ does not decrease compared to Au17+ in the low
energy 1.9–2.5 eV range, while it does decrease in the higher
energy range.
The absorption cross sections ofAu17Pd+ andAu18Pd+ in
the low energy range (1.9–2.5 eV) are 110% and 100% higher
than those of the respective pure Au18+ and Au19+ clusters. In
the higher energy range, quenching of some absorption bands
is observed upon Pd doping. In particular, the band between 2.6
and 2.9 eV in the absorption spectrum of Au18+ has disappeared
and the major broad band between 2.9 and 3.4 eV is replaced
in the absorption spectrum of Au17Pd+ by two smaller fea-
tures centered near 3.0 and 3.4 eV. In the absorption spectrum
of Au18Pd+, the band near 2.8 eV is not much changed in
comparison with Au19+, but the characteristic feature at 3.0 eV
observed for Au19+ is not pronounced for Au18Pd+.
Bands in the absorption spectrum of Au19Pd+ are not
much shifted in energy with respect to those of Au20+. In the
low energy range (1.9–2.5 eV), the intensity is not altered a lot,
while in the higher energy range, their intensity is considerably
reduced. The total absorption cross section has decreased by
33%.
The overall decrease of the optical absorption upon Pd
doping reflects dopant induced changes in the clusters’ elec-
tronic structure. Recent XANES experiments for AuPd alloy
nanoparticles showed that alloying increases the d-electron
density at the Au sites. The more Au–Pd bonds the alloys have,
the more the electron occupancies change.48,63 Such charge
transfer from Pd to Au 5d orbitals agrees well with electro-
negativity values (Pauling’s electronegativity of Au (2.54) is
higher than the one of Pd (2.2)) and with the relative positions
of energy levels at Au and Pd sites. It is plausible to assume
that the increase of the Au 5d-electron occupancy also occurs
in small single Pd doped gold clusters.
Optical absorptions in the visible range mainly originate
from sp → sp intraband transitions. As the d band of Au is
situated close to its sp band, d → sp interband transitions are
also important.60,64 For larger Au nanoparticles, an analogous
decrease of the plasmonic absorption near 2.4 eV upon Pd al-
loying was found in several studies.43–45 As a result of electron
transfer from the Pd dopant to the Au 5d band, the energy
separation between the Fermi level and the center of gravity of
the d orbitals increases, which causes a reduction of the overlap
between Au d and sp orbitals. Simultaneously, the unoccupied
Au sp orbitals will hybridize with the empty Pd d states, which
reduce the transition probability from occupied Au d states
(Au d → sp interband transitions). This can explain the Pd
dopant induced decrease of the absorbance in the 1.9–3.4 eV
range.
IV. SUMMARY AND CONCLUSIONS
Pure and palladium doped cationic gold clusters, Aun+
and Aun−1Pd+, reveal a high likelihood for Xe attachment if
n ≤ 19 and n ≤ 20, respectively, which decreases drastically
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for larger sizes. This could be exploited to perform action
absorption spectroscopy experiments in the visible range. All
investigated Aun+ and Aun−1Pd+ (13 ≤ n ≤ 20) clusters show
broad overlapping optical absorption bands in the high energy
part of the spectrum (2.55–3.4 eV) and a few less intense bands
at lower energies (1.9–2.55 eV).
The total optical absorption cross section of the pure
cationic gold clusters increases with cluster size, the cationic
Au20+ showing the highest value. The increase of the integrated
absorption cross section with size is non-monotonic. Clusters
consisting of 15, 17, and 20 atoms have a higher integrated
optical absorption cross section than the neighboring sizes.
An intense absorption band near 3 eV was observed for Aun+
clusters composed of an odd number of atoms and for Au20+.
Au15+ reveals the highest absorption cross section among the
investigated clusters in the energy range of 2.79–3.38 eV being
behind only the one of Au20+. Au13+ is the only investigated
cluster for which no optical transitions are observed in the
energy range below 2.55 eV.
Replacing a single Au atom by a Pd atom in Aun+ (13 ≤ n
≤ 20) leads to dramatic changes of the optical excitation
spectra. Doping results in a significant decrease of the inte-
grated absorption cross section as well as in shifts of the
transition energies. The influence of the dopant atom is most
pronounced for Aun−1Pd+ with n= 15–17 and 20. While there
is a pronounced decrease of the absorption cross section in the
high energy range (2.79–3.38 eV) for all sizes, the absorption
cross section increases for several sizes in the low energy range
(1.9–2.49 eV), i.e., near the HOMO-LUMO gap. The appear-
ance of low energetic transitions in the Pd doped clusters is
particularly pronounced for Au17Pd+ and Au18Pd+ and is likely
due to the presence of unoccupied electronic levels which are
derived from empty Pd 4d and 5s orbitals. Similarly for the pure
cationic gold clusters, an increase of the integrated absorption
cross section with cluster size is found for Aun−1Pd+, with
the highest values for n = 18, 19, and 20. The decrease of
the absorbance of gold clusters upon palladium doping in the
high energy range can be attributed to hybridization of the
unoccupied Au sp orbitals with empty Pd d states, thereby
reducing the transition probability from occupied Au d states
(Au d → sp interband transitions).
We hope that the present results will inspire theoreticians
to further investigate the effect of palladium doping on the
optical properties of small gold clusters.
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